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Abstract 
 
 Plant cell suspension cultures have applications in the biopharmaceutical industry as 
potential vehicles for production of recombinant proteins, but application of this technology 
remains limited. Using plant cell suspension cultures to produce mammalian proteins is an 
emerging approach that minimizes many of the drawbacks of traditional mammalian platforms: 
high cost, complicated purification schemes, slow production times, and potential for 
contamination by mammalian viruses. This project aimed to develop two plant cell platforms for 
recombinant protein synthesis: 1) establishing a carrot cell suspension culture from seed and 2) 
optimizing processing conditions for established Arabidopsis suspension cultures for high 
growth and specialized metabolite production. The research presented here lays the groundwork 
for future research in this area. The carrot suspension culture portion of the project was 
accomplished by growing carrot seedlings, inducing dedifferentiation and callus formation, and 
initiating suspension cultures. The Arabidopsis optimization portion of the project was 
accomplished by studying the effects of light and dark conditions and culture flask size (that 
provides different surface area to volume ratios for oxygen transfer and different configurations 
for mixing) on the growth patterns of Arabidopsis cells and the specialized metabolite (phenolic 
and flavonoid) concentrations produced by the cells. The key outcomes of this research are: 1) 
establishment of a successful, healthy carrot suspension culture, 2) determination that 
Arabidopsis suspension cultures experience the highest growth rates in the larger sized 500 mL 
flasks with no exposure to light, and 3) determination that specialized metabolite production in 
the cultures is low, indicating that the cells were not under conditions that induce stress. 
Recommended future work involves elicitation of the Arabidopsis cultures to induce a stress 
response that will likely result in higher, more statistically significant, specialized metabolite 
concentrations.  
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Introduction 
 
 This project develops and studies plant cell suspension cultures for use in the 
biopharmaceutical industry as a platform for producing recombinant mammalian proteins. A 
research group (Rolle, Camesano and Dominko) at Worcester Polytechnic Institute (WPI) has 
discovered a human antimicrobial peptide that has promising applications for wound healing. 
There is not currently a way to scale up production of this peptide to a level that would be useful 
for testing and application on a commercial scale. This project is the initial step in enabling 
production of the recombinant peptide in genetically engineered plant cell cultures. Having the 
ability to scale up production of an antimicrobial peptide is crucial to combat increasing bacterial 
resistance due to overuse of antibiotics (Lozeau, Alexander, & Camesano, 2014). Antimicrobial 
peptides (AMPs) are short, positively-charged peptides already naturally present in the immune 
system. They show a range of antibacterial activity, even against antibiotic-resistant bacteria.  
 In industry, proteins are most often produced in mammalian or bacterial cultures (Xu, Ge, 
& Dolan, 2011). Using plant cell suspension cultures to produce proteins is a relatively 
underutilized technique, but is highly desirable in many applications for its advantages over 
traditional mammalian and bacterial cultures. Some of these advantages include being lower cost 
and easier to purify, having good scale up capacity and having a much lower risk of 
contamination. However, processes using plant cells are not optimized and there are unanswered 
questions concerning the best plant cell species for this application, optimal culturing conditions, 
and the best method for genetically altering the cells. 
 The objective of this work is to begin a long-term research project for scaling up 
production of this new antimicrobial peptide. In this research, a carrot cell suspension culture 
was developed from seed and bioprocessing conditions for established Arabidopsis suspension 
cultures were examined for promotion of high growth and specialized metabolite production. 
Future work on this research will involve transforming the cultures to express the antimicrobial 
peptide and improving production efficiency. Developing a cell suspension culture from seed is 
time consuming and difficult, so doing that first will allow future research groups to start using 
the culture early on in their research. A carrot suspension culture platform is promising because 
the biopharmaceutical company Protalix has demonstrated proof of concept and uses carrot 
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suspension cultures to produce a recombinant protein for the Gaucher’s disease drug, Elelyso 
(Garde, 2015). Protalix, working on the Gaucher’s disease drug through a partnership with Pfizer 
(Garde, 2015), is able to use large disposable bioreactor systems to produce the recombinant 
protein at scale (Protalix Biotherapeutics, 2017). Protalix filed a patent for using this system to 
produce the recombinant protein for Gaucher’s disease in 2008 and was awarded the patent in 
2010 (Shaaltiel et al., 2010). Their Gaucher’s disease drug has been approved for use in countries 
around the world, and was approved by the FDA in 2012 (Garde, 2015). This makes the 
possibility of producing an antimicrobial peptide in plant cell suspension cultures, the long-term 
goal of this project, seem promising in the carrot system.  
 Since Arabidopsis is a model plant system and has been successfully transformed 
numerous times in the literature, it represents another possible platform for the production of 
recombinant proteins. This project aimed to determine the best conditions for optimizing growth 
and specialized metabolite production in Arabidopsis cell suspension cultures. To determine the 
best conditions for optimizing Arabidopsis growth and specialized metabolite production, the 
effects of light and dark conditions and small and large culture flask sizes were studied over 
time.  
 Studying the cell growth patterns of Arabidopsis over time is important so that an optimal 
amount of time between cell transfers could be determined and so that bioprocesses involving 
genetically engineered cultures could be optimized for production of the protein of interest (in 
our case the AMP). Studying the concentration of specialized metabolites over time was 
important to gauge how much stress the cells were under (Sanchez-Rangel et al., 2013), which 
can have an influence on gene expression and protein production.  
 In this report, I will describe background information and history on plant cell culture and 
equipment used, the methodology used in my experiments, the results of those experiments, and 
finally conclusions and recommendations that result from this work.  
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Background 
 
Plant Cell Culture 
 Plant cell culture refers to undifferentiated or dedifferentiated plant cells suspended in a 
liquid medium. Because the cells are dedifferentiated, they have the capability to produce 
compounds that the plant itself could not naturally produce. For example, although a regular 
carrot does not produce human proteins as it grows in soil, by dedifferentiating the carrot cells in 
a suspension culture, the cells can be transformed to produce a human protein. For this reason, 
plant cell culture is a versatile way to produce a variety of high-value biologics for use in the 
pharmaceutical industry (Andrews & Roberts, 2017). Specialized metabolites, products of 
“secondary” metabolism not required for survival, can also be obtained via large-scale plant cell 
suspensions. This process is environmentally friendly, easily regulated and easily cultivated 
using traditional bioprocessing equipment. Plant cell suspensions are also an alternative platform 
for recombinant protein production because of the ease of cultivation and the ability to perform 
complex post-translational modifications.  Plant cell suspension cultures have been in use since 
the 1950s, mainly used to produce valuable specialized metabolites such as paclitaxel and 
shikonin, amongst others (Xu, Ge, & Dolan, 2011). Successful production of recombinant 
proteins in plant cell suspension cultures was demonstrated for the first time in 1990 but was 
quickly overshadowed by developments in the use of whole plants to produce recombinant 
protein. However, the commercial interest in using whole plants declined when it was found that 
there were no regulations in place and that many people were opposed to genetically modified 
crops. The focus turned back to plant cells because they were similar to processes already being 
done with microbial and mammalian cells and were regulated under existing statutes (Santos et 
al., 2016). 
 Plant cell culture is a sustainable and economically favorable production platform for 
specialized metabolites and recombinant proteins (Andrews & Roberts, 2017). Because 
specialized metabolites typically make up less than 1% of the dry weight of the plant, natural 
harvest is impractical due to the environmental impact, low yield, limitations on growing 
seasons, and slow plant growth rates. Chemical synthesis of plant-derived natural products is 
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desirable, but difficult to apply due to the complicated synthesis of specialized metabolites 
because of the multiple ring and/or chiral center structure. 
 
Advantages of Plant Cell Culture 
 Historically, pharmaceutical proteins are typically produced commercially by bacterial 
fermentation or mammalian cell cultures (Xu, Ge, & Dolan, 2011). These methods impose many 
limitations and risks, which has led to recent interest in finding alternative platforms for 
commercial-scale production of pharmaceutical proteins. Some of the limitations inherent in the 
bacterial fermentations and mammalian cell cultures are cost, scalability, safety, and 
contamination risk. As can be seen in Figure 1, plant cell culture platforms for pharmaceutical 
protein expression has advantages in overall cost, production time, scale-up capacity, 
contamination risk, and purification cost over mammalian cell platforms, and advantages in 
product quality, contamination risk, and purification cost over bacterial platforms.  
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Figure 1. Plant cells are competitive with other cell culture platforms for production of 
pharmaceutical proteins, and have advantages over more traditional platforms in many categories 
(Xu, Ge, & Dolan, 2011). 
 Plant cell cultures also have other benefits in addition to cost, production time, 
scalability, quality, and contamination risk. They combine some of the most desirable features of 
bacterial and mammalian production platforms: they can be grown in simple media in 
bioreactors (an advantage of bacterial cultures), but because they are eukaryotes they can 
perform almost all of the post-translational modifications found in human cells (an advantage of 
mammalian cultures) (Xu, Ge, & Dolan, 2011). Compared to whole plant systems, most plant 
cell cultures have rapid doubling times. The widespread applicability of plant cell culture 
platforms for commercial-scale protein production is comparable to Chinese hamster ovary cells 
(CHO), the conventional cell choice for products requiring complex post-translational 
modifications. A final advantage of using plant cell cultures is that they do not harbor human 
pathogens, so viral cross-contamination is generally a non-issue. 
 Plant cell cultures also have numerous advantages over whole plants (Andrews & 
Roberts, 2017). Plant cell culture processes can be done in days or weeks, while recombinant 
protein production in actual plants takes months. In addition, plant cell cultures can be monitored 
throughout the entire process. Dedifferentiated plant cell suspensions can be cultivated in 
existing cell culture vessels meant for microbes and mammalian cells, with minor modifications.  
 
Recombinant Protein Production in Plant Cell Culture 
 Plant cell suspension cultures can produce recombinant proteins in two ways: by 
transforming wild-type cells and selecting the cells carrying the transformed gene or by initiating 
cultures from transgenic plants (Santos et al., 2016). Protein products can be recovered from the 
medium, allowing for continuous production. Inducible promoters allow production to be split 
into a growth phase and a production phase, similar to existing systems for bacteria and yeast, 
but product yields in plant cells are currently much lower because there are no plant 
amplification technologies yet (as there are for CHO cells). Standardized production 
technologies using suspension cultures seem most likely with tobacco, rice, and carrot cultures. 
A key difficulty in using plant cell suspension cultures is that unlike mammalian or microbial 
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cells which grow as single cells, plant cells aggregate in clusters. Larger cell clusters are 
undesirable because cells near the center have limited access to oxygen and nutrients present in 
the media.   
 
Initiating a Plant Cell Suspension Culture 
 Plant cell suspension cultures can be initiated in two ways: from embryos or from 
explants (Andrews & Roberts, 2017). Explants are isolated tissue taken from any part of the 
native plant. Explants must dedifferentiate, going from their mature differentiated state to an 
embryonic-like state, to be used in a plant cell suspension culture (Li et al., 2012).  In 1957, 
Skoog and Miller found that auxins and cytokinin, two plant hormones, can initiate 
dedifferentiation or redifferentiation depending on their ratio (Ikeuchi, Sugimoto, & Iwase, 
2013). Auxins can initiate cell dedifferentiation, leading to callus (e.g., cell aggregate) formation 
(Li et al., 2012). Cytokinin can induce regeneration, promoting cell division and differentiation. 
2,4-dichlorophenoxyacetic acid (2,4-D) is a synthetic auxin that can be added to plant culture 
medium to initiate dedifferentiation of explant cells. Kinetin is a type of cytokinin, which 
promotes cell division. There is also evidence indicating that kinetin promotes cell differentiation 
of Arabidopsis root tissue (Dello Ioio, Scaglia Linhares, & Sabatini, 2008). 
 The dedifferentiated cells proliferate as aggregates, called callus, when they are provided 
the appropriate combination of nutrients and hormones on solid medium. The aggregates are 
transferred to liquid medium and agitated, forming scalable plant cell suspension cultures. Once 
in suspension, growth and product synthesis can be optimized by altering the cultivation 
environment and/or cellular metabolism (Li et al., 2012). The plant cell suspension culture can 
then be used for a variety of applications, including the synthesis of recombinant proteins or 
specialized metabolites. 
 
Plant Cell Culture History  
 The idea for plant tissue culture (in vitro aseptic culture) was originated by the German 
scientist Gottlieb Haberlandt at the beginning of the 20th century (Thorpe, 2007). He proposed 
the theoretical basis for plant tissue culture in his 1902 address to the German Academy of 
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Science on the culture of single cells. Although he was not successful in his experiments with 
isolated photosynthetic leaf cells, he predicted that it was possible to cultivate artificial embryos 
from vegetative cells. This hypothesis was later proven to be correct. His ideas and experiments 
are the reason that he is considered the father of plant tissue culture today. 
 The first true plant tissue cultures were obtained by Roger Jean Gautheret (Thorpe, 
2007). The cultures were from tissue of Acer pseudoplatanus (the sycamore maple tree). Later, 
using indole acetic acid (IAA) and B vitamins with carrot root tissues, he was able to 
demonstrate that tissues could be continuously grown in culture and could be made to 
differentiate into roots and shoots. These findings were the precursor to using in vitro cultures.  
 Early studies led to root cultures, embryo cultures, and the first true callus cultures 
(Thorpe, 2007). Then, between the 1940s and 1960s new techniques were developed and existing 
techniques were improved upon. These techniques led to five areas of tissue culture application: 
cell behavior, plant modification and improvement, pathogen-free plants and germplasm storage, 
clonal propagation, and product (specialized metabolite) formation. Then, in the 1990s, the 
application of these technologies grew once again, this time to more plant species. Since then, 
cell cultures have remained an important tool in the study of plant biology and biochemistry.  
 In the period of developing new techniques, between the 1940s and 1960s, it was 
discovered that the exogenous balance of auxin and kinetin in the medium influenced the 
morphogenic fate of tobacco callus (Thorpe, 2007). It was found that a high ratio of auxin to 
kinetin favored rooting, while a high kinetin to auxin ratio favored shoot formation. Intermediate 
ratios promoted callus. This morphogenic model has been seen in a number of species.  
 Starting in the mid-1960s and continuing through the 1970s and 1980s, there was an 
increase in the applications of in vitro plant tissue culture (Thorpe, 2007). The techniques were 
used in biology, agriculture, horticulture, and forestry. Applications of in vitro plant tissue 
culture fall into one of five areas: cell behavior (including primary and secondary (i.e., 
specialized) metabolism), plant modification and improvement, pathogen-free plants and 
germplasm storage, clonal propagation, and product formation.  
 In the 1990s, in vitro plant tissue culture continued to expand (Thorpe, 2007). In this 
decade, most growth was in the increasing number of plant species that in vitro technologies 
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were applied to. By the end of this decade, tissue culture techniques were used with all types of 
plants (cereals, grasses, vegetables, tropical fruits, trees). The application of in vitro plant cell 
technology was wide but success in many applications has been limited due to distinct challenges 
such as the lack of a gene amplification system and difficulty in developing cryopreservation and 
cell banking methods (Santos et al., 2016). 
 Cell culture remains an important tool in plant biology, particularly in the study of 
specialized metabolism (Thorpe, 2007). In addition, the development of medicinal plant cell 
culture techniques has generated research activity on metabolic engineering of plant specialized 
metabolite production. New research is being conducted to look at the applications of 
transformation in the food processing, specialty chemical, and pharmaceutical industries. 
 
Carrot Culture Initiation 
 According to B. Pant and S. Manandhar of Tribhuvan University in Kathmandu, Nepal, 
carrot seeds are a good experimental material for in vitro culture (Pant & Manandhar, 2007). For 
their research, the group used regular carrot seeds from a local market. The seeds were washed 
with detergent water and were kept in running water for one hour. After this they were washed 
with distilled water 3 to 5 times and were surface sterilized by immersion in 1% sodium 
hypochlorite for 15 minutes, followed by 70% ethanol for 1 minute and three rinses with sterile 
water. The seeds were cultured on MS medium supplemented with 3% sucrose and solidified 
with 0.8% agar, and the medium had pH of 5.8 prior to autoclaving. After two weeks of growing, 
the root, stem, leaf and nodal parts were aseptically excised in 3mm pieces and cultured on MS 
medium supplemented with NAA (concentrations varied and were 0, 0.5, 1.0, and 2.0 mg/L) 
and/or BAP (concentrations used were 0, 0.5, 1.0, and 2.0 mg/L).  
 
Pre-Sprouting Carrot Seeds  
 Many seeds go into a dormant state, so mimicking nature’s cold and warm cycles helps to 
“wake them up”, causing them to germinate faster (Albert, 2012). Pre-sprouting is a good 
practice for carrot seeds because they have hard seed coats, which require moisture to get inside 
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and activate an enzyme, triggering respiration and cell duplication and growth, for the 
germination to occur.  
 Two common methods for pre-sprouting carrot seeds are the boiling water method and 
the freezing method (Albert, 2012).  
  Boiling water: pouring very warm or just barely boiling water over the seeds  
  (which should be sprinkled on soil, seed starting mix, or peat moss) “removes the  
  cuticle and some lower epidermal layers of carrot seed hulls”, which helps them  
  to sprout faster. 
  Freezing method (also called cold stratification): mix the seeds with damp potting  
  soil/seed starting mix/peat moss and place the mixture in a plastic bag and seal it.  
  The bag is then put in the freezer for up to 24 hours, to make the seed think it has  
  gone through a winter, so it is ready to germinate when it warms up. After   
  removing the bag from the freezer, place in a warm spot until the seed sprouts (at  
  least three days).  
 
Disease Response Mechanism in Carrots 
 Two antifungal polyacetylenes, falcarinol and falcarindiol, and an isocoumarin, 6-
methoxymellein, are present in small amounts in the skin of a normal carrot (World Carrot 
Museum, 2010). This is the first barrier to disease in undamaged carrots. Falcarinol is present in 
about 30 ppm and falcarindiol is present in about 60 ppm in normal carrots.  
 If the skin is broken after the carrot is removed from the soil, puncturing, scraping, or 
slicing the surface, microorganisms can grow (World Carrot Museum, 2010). The carrot then 
accumulates suberin (a complex polysaccharide) and lignin at the wound site, which begins to 
heal the wound. 
 The third part of the mechanism is the phytoalexin barrier, which stops microorganisms 
from getting into the carrot (World Carrot Museum, 2010). Phytoalexins are chemicals that 
plants produce, which give them disease resistance when they experience an injury, 
physiological stimuli, or infection. Scopoletin, a coumarin, and para-hyroxy benzoic acid are 
present early after the damage, but disappear. Major components of the phytoalexin barrier are 
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isocoumarin 6-hydroxymellein, isocoumarin 6-methoxymullein, falcarinol, and falcarindiol (the 
latter three are also present in the carrot skin).  
 
Preventing Fungus  
 According to Heather Rhoades, development of a white, fluffy fungus (sometimes 
mistaken for a mold) on the top of seed starting soil is a common problem when starting seeds 
(Rhoades, 2016). Eventually, the fungus can kill a seedling. Most of the time, this fungus grows 
due to high humidity. It is recommended that humidity is kept high only until the seeds have 
germinated. For this reason, it is recommended that the lid of the seeding growing container is 
propped open a bit to allow for more air to circulate, decreasing the humidity around the seed. If 
this solution doesn’t work, it is recommended that the air is circulated more by setting up a small 
fan to blow gently over the surface of the soil. The fan should be kept at very low levels and only 
used for a few hours each day.  
 
Protalix Biotherapeutics 
 Protalix Biotherapeutics is an Israeli company that uses carrot suspension cultures to 
produce glucocerebrosidase (GCD), a drug for Gaucher’s disease (Protalix Biotherapeutics, 
2017). Pfizer acquired rights to Protalix’s Elelyso drug in 2009 for more than $100 million 
(Aviezer et al, 2009).. Soon after Pfizer acquired the rights, Protalix received a Phase III Fast 
Track Designation from the FDA. The drug was approved for treatment of Gaucher’s disease in 
France in 2010, making it the first human pharmaceutical produced in plants to enter the market 
(Tekoah et al, 2015). The drug was FDA approved in 2012 (Garde, 2015).   
 Protalix uses large disposable bioreactor systems, at least 400 L each, to produce the 
recombinant protein (Shaaltiel, 2010). Protalix filed a patent for using this system to produce the 
recombinant protein for Gaucher’s disease in 2008 and was awarded the patent in 2010. Protalix 
touts its plant cell production with disposable bioreactors for the low initial investment (less than 
$20M), inexpensive disposable polyethylene bags, less costly maintenance, and no risk of viral 
contamination (Protalix Biotherapeutics, 2017). The disposable bioreactor system also allows for 
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rapid scale up and expansion due to the ease and low cost of adding more bioreactors to the 
initial system as needed.  
 Protalix uses Agrobacterium-mediated transformation to transform the target protein into 
the carrot cells (Tekoah et al., 2015). Agrobacterium-mediated plant transformation is a complex 
process that involves genetic determinants of the bacterium and the plant cell and is often used as 
an alternative to particle bombardment-mediated transformation (Gelvin, 2003). In short, 
Agrobacterium-mediated plant transformation is done by transferring and integrating a region, 
the T-region or T-DNA, of a large tumor-inducing (Ti) or rhizogenic (Ri) plasmid resident in 
Agrobacterium into the desired plant nuclear genome. Agrobacterium-mediated plant 
transformation is a stable (permanent) transformation, making it desirable over particle 
bombardment-mediated transformation which is transient, meaning that particle bombardment 
only lasts for one generation. 
 
 
Figure 2. Protalix’s disposable bioreactors for production of recombinant protein in carrot 
suspension cultures (Protalix Biotherapeutics, 2017). 
 
Arabidopsis Culture 
 Beginning in the late 1980s, Arabidopsis thaliana became recognized as a model plant for 
studies in plant physiology and development (National Science Foundation, 1994). It develops, 
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reproduces, and responds to stress and disease similarly to the way many crop plants do. It is also 
easy, inexpensive, quick to grow, and has a small genome compared to other plants, allowing 
scientists to extensively study the genetics.  
 
Antimicrobial Peptides 
 Antimicrobial peptides (AMPs) are short, positively charged peptides that are found 
present in the immune systems of many species, including humans (Lozeau, Alexander, & 
Camesano, 2014). They present a potential alternative to traditional antibiotics because 
functionalizing surfaces with ligands, particularly AMPs, has been shown to combat the 
spreading of infection. An alternative to traditional antibiotics is needed due to increasing 
bacterial resistance to antibiotics as a result of their overuse in the medical field in recent 
decades. Antibiotic resistance is leading to an alarming increase in the instance of nosocomial 
infections. Also known as hospital-acquired infections and health-care associated infections, 
nosocomial infections are contracted when transferred to the patient from a tool, piece of 
equipment, or another person when being treated in a hospital or other health care setting (World 
Health Organization, 2017 and CDC, 2016). Few AMPs have reached the clinical trial stage of 
development due to a poor understanding of their mechanisms (Lozeau, Alexander, & 
Camesano, 2014), lack of stability in vivo, and potential toxicity (Lozeau, Alexander, & 
Camesano, 2015).  
 
Coulter Counter 
 The Coulter Counter device, developed by Wallace H. Coulter, counts and sizes 
individual microscopic particles suspended in an electrolyte solution (DeBlois & Bean, 1970). 
Wallace Coulter discovered the Coulter Principle, the use of an electric field for counting and 
sizing particles in conducting liquids, in the late 1940s. Particles are forced to flow, one by one, 
through a small aperture by a pressure difference. As the particle passes through the channel, 
there is a momentary change in voltage proportional to the volume of the particle (Figure 3). 
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Figure 3. A representation of the Coulter principle. As the cell passes through the channel, a 
momentary change in voltage occurs which is proportional to the volume of the particle (Spohr, 
2011). 
 
 The Coulter Counter device used in the Roberts’ lab at WPI works as described above. A 
dilute solution of cells and media in glycerol is run through the machine, using a 2000 μm 
aperture. This allowed cells up to 2000 μm to be analyzed by the machine. Cells larger than this 
that started to enter the aperture would get stuck, requiring the machine to be stopped mid-run, 
the cell or aggregate removed, and the run would be started over with a new well-mixed sample 
at the same ratio. Runs are 60 seconds long and done in duplicate or quadruplicate, depending on 
the application. The output from the Coulter Counter is given as number of cells and volume 
percent, given for each of fifty bin sizes. The bin sizes ranged from 72.3 to 2000 μm. This 
information could be used to determine a weighted average number and volume of cells, 
correcting the original Coulter Counter data by estimating the number of cells present between 
each bin size. This created a smooth volume curve, rather than one with large spikes that would 
be seen if the original volume was graphed against bin size.   
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Materials and Methods 
 
This section will outline the materials, the experimental procedures, and the data analysis 
techniques utilized throughout this project.  
 
Materials 
Initiation of carrot cell suspension culture: 
Basic Supplies:  
 Carrot seeds 
 Organic carrots (from grocery store) 
 100 mm Petri dishes 
 45 mm Petri dishes 
 15 mL plastic centrifuge tubes 
 50 mL plastic centrifuge tubes 
 Micropore filter tape 
 Metal spatula 
 Scalpel 
 Tweezers 
 pH meter 
Sterilization Supplies:  
 Clorox bleach 
 Sodium hypochlorite 
 70% ethanol-30%  water solution 
 GerminatorTM 500 Dry Sterilizer 
Carrot Seed Media Recipe:  
 Murashige and Skoog (MS) 
 Sucrose 
 GelzanTM 
 Indole-3-acetic acid (IAA) 
 Kinetin 
Carrot Callus Media Recipe 
 Gamborg B5 (B5) 
 Sucrose 
 2,4-Dichlorophenoxyacetic acid (2,4-D) 
 GelzanTM 
 
 
Arabidopsis experiments: 
Basic Supplies: 
 Beckman Multisizer 3TM Coulter Counter 
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 Mesh filters, various sizes (sterile) 
 50 mL plastic centrifuge tubes 
 Filter paper (Fischerbrand P8) 
 1 mL pipette tips (cut) 
 200 μL pipette tips 
 Microcentrifuge tubes (1.5 mL) 
 Evaporative centrifuge (Eppendorf Vacufuge) 
 Microcentrifuge (Eppendorf Centrifuge 5424) 
 Vortexer (Fisher Scientific Mini Vortexer) 
 96-well plate 
 pH meter 
Liquid Media Supplies: 
 Gamborg B5 (B5) 
 Sucrose 
 2,4-Dichlorophenoxyacetic acid (2,4-D) 
 Antioxidant Solution 
 Ascorbic Acid (2.5 g/L of water) 
 Citric Acid (2.5 g/L of water) 
 L-glutamine (14.6 g/L of water) 
Arabidopsis Cell Suspension Cultures: 
 125 mL flask grown in light 
 125 mL flask grown in dark 
 500 mL flask grown in light 
 500 mL flask grown in dark 
Phenolics and Flavonoids Assay Supplies: 
 Methanol 
 Folin-Ciocalteu reagent 
 Sodium carbonate 
 Gallic acid standards 
 Sodium nitrite 
 Aluminum chloride 
 Sodium hydroxide 
 Catechin standards 
 Plate reader (Fisher Scientific accuSkan GO) 
 
 
Protocols/Media Formulations 
Carrot seed media: Described below for 1 L of media. Note that the proportions can be scaled as 
necessary. To a 2 L flask on a stir plate, add about 700 mL nanopure water, then add 4.43 g MS 
and 20 g sucrose. Stir until the sucrose fully dissolves. Fill to 1 L with nanopure water and using 
the pH meter and NaOH and/or HCl, bring pH to 5.5. Add 4 g of Gelzan. Pour liquid into a 2 L 
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autoclavable glass bottle, screw on lid and then loosen by half a turn. Autoclave on a liquid cycle 
at 121 °C for 20 minutes. While the media is in the autoclave, turn on the water bath to 50 °F. 
Remove media from autoclave when cycle finishes, not allowing it to cool in the autoclave. 
Stand media bottle upright in the water bath to cool it to a comfortable temperature for handling. 
When cool enough, wipe outside of media bottle with ethanol and move into sterile hood. In the 
hood, add 2 mL of sterile (autoclaved) IAA (10 mg/mL) and autoclaved kinetin (1 mg/mL). Pour 
the media into 15 mL tubes or 100 mm Petri dishes, filling each about halfway. 
Carrot callus media: The recipe described below is for 1 L of media. Note that the proportions 
can be scaled as necessary. To a 2 L flask on a stir plate, add about 750 mL nanopure water, then 
add (in order) 3.21 g Gamborg B5, 30g sucrose, and 2.0 mL of 1 mg/mL 2,4-D. Stir until the 
sucrose fully dissolves. Fill the flask to 1L with nanopure water and using the pH meter and 
NaOH and/or HCl, bring the pH to 5.5. Add 4.0 g of Gelzan. Pour into a 2 L autoclavable glass 
bottle, screw on lid and then loosen by half a turn. Autoclave on a liquid cycle at 121 °C for 20 
minutes. While the media is in the autoclave, turn on the water bath to 50 °F. Remove media 
from autoclave when cycle finishes, not allowing it to cool in the autoclave. Stand media bottle 
upright in the water bath to cool it to a comfortable temperature for handling. When cool enough, 
wipe outside of media bottle with ethanol and move into sterile hood. Pour the media into 15 mL 
tubes or 100 mm or 45 mm Petri dishes, filling each about halfway. 
Arabidopsis liquid media (for use with suspension cultures): Described below for 1 L of media. 
Note that the proportions can be scaled as necessary.  To a 2 L flask on a stir plate, add about 
750 mL nanopure water, then add (in order) 3.21 g Gamborg B5, 30 g sucrose, and 2 mL of 
1mg/mL 2,4-D. Stir until the sucrose fully dissolves. Fill the flask to 1 L with nanopure water 
and using the pH meter and NaOH and/or HCl, bring pH to 5.5. Pour media into flasks of the 
desired size, then cap with a silicone sponge closure and autoclave on a liquid cycle at 121 °C for 
20 minutes. 
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Methods  
Overview 
 This project aimed to (1) establish a carrot cell suspension culture for future use as a 
platform for peptide production and to (2) determine the growth patterns and optimal conditions 
for Arabidopsis cell suspension cultures. The following procedures were utilized to accomplish 
these objectives. 
 
Sterile Technique 
 Everything that goes into the plant culture hood must be sterile to avoid contamination. 
To accomplish this, all materials are sprayed with 70% ethanol/30% water and wiped down with 
clean paper towels before being placed in the hood. All cell culture plates (Petri dishes 
containing solid culture media) and centrifuge tubes, packaged sterilely remain unopened until 
inside the hood and the package is sterilized prior to entering the hood. In addition, all markers, 
micropore tape, etc., are sterilized prior to use in the hood. The metal spatula, scalpel, and 
tweezers used for culturing are sterilized in the GerminatorTM after each use, to limit cross-
contamination.  
 After the culturing has been performed, the hood is sterilized to ensure there is nothing 
left that could contaminate future work. To do this, everything that was put into the hood at the 
beginning (markers, micropore tape, extra plates or test tubes) is removed. The tools used 
(forceps, scalpels, etc.) were sterilized one last time then left in the hood. The inside of the hood 
was sprayed liberally with the 70% ethanol solution and then wiped down with clean paper 
towels.  
 When fungal contamination was discovered on a plate with multiple seedlings, the non-
contaminated seedlings were salvaged by re-plating on to fresh callus media and the remaining 
(contaminated) seedlings were disposed of in the biohazard bin. The entire hood and tools were 
sterilized with ethanol after a contaminated plate was opened to prevent further contamination. 
The hood was then sprayed with ethanol and wiped dry with paper towel, and this was repeated 
three times.  
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 Contaminated cell culture flasks never entered the hood. Instead, if it was noticed that a 
flask on the shaker had become contaminated (noticeable due to a color change from a healthy 
light brown or yellow color with clear liquid media to a bright, dark yellow color with cloudy, 
opaque media), it was immediately removed from the shaker. The cells were bleached and 
disposed of and the flasks were washed according to standard laboratory procedure, with liberal 
amounts of soap and scrubbing. As an additional precaution, the caps (silicone sponge closures) 
used on the flasks, even if they did not appear to have been in contact with cells, were wiped 
down with a paper towel dipped in diluted bleach and then washed as normal according to the 
laboratory procedure.  
 
Carrot Callus Formation, Suspension Culture Initiation 
 Initiating callus can be difficult and unpredictable, so three methods were attempted in 
order to maximize chances of forming callus. The first used sterilized seeds planted in solid 
carrot media. The second used stratified sterilized seeds planted in solid carrot media. The third 
used sterilized carrot flesh placed on solid carrot media. 
Method 1: Sterilized seeds planted in carrot seed media. Carrot seed media was made 
and autoclaved according to the standard procedure, outlined below. It was then 
cooled in a water bath at 50 ºF until it was cool enough to comfortably handle, but not 
cool enough that it was starting to solidify. The media was then poured into 15 mL 
sterile centrifuge tubes and 100 mm petri dishes in the sterile hood, filling each tube 
or Petri dish approximately halfway. The tubes and plates were left in the hood to 
solidify for one hour. After the tubes and plates had been left in the hood to fully 
solidify, they were moved to the laboratory refrigerator, where they were placed 
upside down to prevent formation of condensation on the media surface until needed 
for planting. Tubes and plates were always left in the refrigerator at least overnight. A 
packet of regular carrot seeds from a garden store were sterilized by briefly soaking in 
50% bleach in an effort to reduce contamination by killing any bacteria or fungus that 
might be present on the outside of the seed. The seeds were then planted in the tubes 
and on the plates in the sterile hood. The plates and tubes were labeled and the edges 
were wrapped with micropore filter tape. The plates and tubes were spread under a 
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grow light for maximum 24-hour exposure. The grow light used in this portion of the 
project was a fluorescent light fixture with two 32-Watt bulbs, suspended 
approximately fifteen inches above the plates.  
Method 2: Stratified sterilized seeds planted in carrot seed media. Procedure for 
making media, pouring plates, and sterilizing seeds was followed as described in 
Method 1, above. After sterilization, the seeds were stratified by transferring the cells 
to 1.5 mL microcentrifuge tubes containing nanopure water. Only a few seeds were 
placed in each tube to ensure that all parts of all seeds would be in contact with the 
water and would not be stuck to each other. The seeds, submerged in nanopure water, 
were refrigerated for 72 hours. The seeds were plated, as previously described, 
labeled, and sealed with micropore filter tape. The plates and tubes were spread under 
the same grow light used in Method 1for maximum 24-hour exposure. 
Method 3: Sterilized carrot flesh placed on plates containing carrot seed media. 
Procedure for making media and pouring plates was followed as described in Method 
1, above. The organic carrots were washed under tap water in the laboratory sink and 
then rinsed with 50% bleach. A 10% sodium hypochlorite solution was prepared in 
enough volume to cover the entirety of the carrots when placed in a large beaker. The 
carrots were submerged in the sodium hypochlorite solution for 10 minutes. After 
removal from the solution, the carrots were immersed in nanopure water for three 
rinses of one minute each. The carrots were then brought into the sterile hood, where 
the carrots were cut into sections. Small pieces of carrot flesh (~3 mm flat pieces) 
were cut from the carrots using a scalpel. About ten pieces of carrot flesh were 
planted, evenly spaced, on plates. Carrot pieces were slightly pushed into the media 
using a sterile scalpel. The plates and tubes were labeled and the edges were wrapped 
with micropore filter tape. The plates and tubes were spread under the same grow 
light used in Method 1 for maximum 24-hour exposure. 
 The fastest-growing seedlings, which were grown using Methods 1 and 2 with similar 
results, were transferred to small (45 mm) plates to reduce the risk of contamination and to 
encourage callus initiation. These plates used the carrot callus media, and had 2,4-D in the 
formulation to promote cell dedifferentiation. When transferring the seedlings, one seedling at a 
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time was removed from its original plate or test tube and placed in a small plastic dish that had 
been sprayed with ethanol and wiped dry. Using a scalpel, the root was cut off from the rest of 
the seedling. The remaining part of the seedling was disposed of and the root was cut into very 
small pieces (~2 mm long). These pieces were then re-planted in the small plate. One plate was 
used for each seedling. The plates were wrapped in micropore tape, labeled, and placed back 
under a grow lamp with two 40-Watt full spectrum bulbs, this time set to a cycle of 16 hours on 
and 8 hours off and suspended approximately 1 foot above the callus plates or tubes. Plates or 
test tubes that became contaminated were thrown away immediately.  
 When callus began to form, each calli was removed from the small plate it was growing 
on and transferred to another small plate. This was done to give the calli room to grow, more 
nutrients, and to reduce the risk of contamination. Callus was placed back under the grow lamp 
with two 40-Watt full spectrum bulbs on a cycle of 16 hours on and 8 hours off. 
 After callus was transferred to the new plates, it was noticed that they were growing 
slowly. After a few weeks of slow growth, they were prepared for the month-long holiday break 
(where no one would be in the lab to transfer them if they outgrew their plates or used all the 
media) by being transferred to 100 mm plates filled with about one third more carrot callus 
media than usual.  
 Upon returning from the holiday break, many of the plates had become contaminated and 
the others had not grown as much as was expected. Only one plate contained callus that seemed 
to have potential for successful transfer to suspension culture. The rest of the plates were 
disposed of and the remaining plate was left to grow for about six more weeks. This one plate 
grew into enough mass to be split into two plates. Eventually, the biomass reached a point where 
growth was promoted and the callus could be split again into more plates and some could be 
transferred to suspension, and thus a line of carrot suspension cultures has been establish in the 
Roberts’ Laboratory. Since the propagation of the carrot callus took a significant amount of time, 
the project turned to focus on the study of a second platform system, Arabidopsis. 
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Arabidopsis cultures 
 Arabidopsis calli were established in the lab by Kathryn Bumila and had reached 
sufficient biomass, so they could be immediately placed into suspension. To do this, callus was 
removed from one of the plates in the sterile hood and placed in a 125 mL flask containing 40 
mL liquid Arabidopsis media (recipe in Protocols section) and 2 mL antioxidants. It was then 
capped with a foam cap and placed on a three-shelf shaker under a grow lamp with two “plant 
and aquarium” 32-Watt bulbs, suspended approximately one foot above the top shelf of cultures. 
Light was also able to reach the lower shelves, and the light was approximately two feet above 
the middle shelf and three feet above the bottom shelf. After this, the culture was transferred 
approximately every seven days into multiple flasks containing fresh Arabidopsis media. 
Dependent on the number of cells in the original flask, the cells could be split into 2 or 3 125 mL 
flasks each containing 40 mL of fresh liquid media.  
 Protocol for transferring, done to scale-up a culture: Make sure media is prepared a day 
before transferring and always keep a flask of “old” cells for back-up in case of contamination. 
Put on PPE (lab coat, gloves). Clean hood with ethanol and bring flasks with fresh media, a 
bottle of antioxidants, pipettes, and pipette tips into hood after cleaning with ethanol. Take flasks 
that need transferring out of incubator, wipe with ethanol, bring into hood. Using 1 mL pipette, 
carefully add 2 mL of antioxidant solution defined above to each 125 mL media flask (add 8 mL 
of antioxidants to each 500 mL flask, etc.). Break the tip of plastic serological pipette (while it is 
still sealed in plastic). Never use a glass pipette for this. Swirl plant culture flasks to mix 
thoroughly, add 10 mL of plant cells with old media to new 125 mL media flask using pipette 
gun. If using 500 mL media flasks instead, add 40 mL of plant cells with old media to the new 
flask by pipetting 10 mL at a time. Label flask with cell type, flask number or description of 
contents, date of transfer, and initials. Make sure to close all open bottles, flasks, etc., then take 
new plant cultures, wipe bottom of flask with paper towel, and place firmly on shaker, shaking 
24 hours per day at 110 rpm at room temperature. Press down to ensure the flask is stuck to the 
tray and will not tip over. Take everything out of the hood and wipe hood down with ethanol. 
Flasks were grown under a grow light (2 32-Watt “plant and aquarium” bulbs, on for 24 hours 
per day) suspended approximately 12 inches above the flasks on the top shelf of the shaker. For 
flasks desired to be grown in dark conditions, a cardboard box with approximately ten small (1/4 
27 
 
inch diameter) holes poked in each of the long sides and covered with a piece of aluminum foil 
loosely taped inside the box, flush with the holes, was placed over the flasks. This prevented 
light from entering the box, but allowed for ventilation. Both light and dark flasks were kept on 
the same shaker to ensure that all other conditions were the same. 
 This transferring procedure was repeated approximately every seven days until there was 
enough cell volume to perform the desired experiments, which included determining the cell size 
distribution for Arabidopsis using the Coulter Counter; comparing the size, growth, and 
phenolics and flavonoids content of cells grown in various flask sizes and in light and dark 
conditions; and comparing phenolics and flavonoids content over time of different sized 
Arabidopsis cell aggregates. 
 
Determining cell size distribution to form a standard curve 
 This experiment used 500 mL of cell suspension and mesh sizes of 80, 500, 710, 1000, 
1320, 1680, and 2000 μm (Kolewe, Henson, & Roberts, 2010). Meshes were not sterilized 
because an autoclave test of one mesh filter found that the glue holding the mesh to the 
cylindrical portion could not withstand autoclave conditions, and sterility was not crucial 
because the cells used in the experiment were disposed of afterwards. Rather, the mesh filters 
were washed using standard Roberts’ lab protocols the morning of the experiment and allowed to 
air dry. Before entering the hood, the mesh filters were sprayed liberally with 70% ethanol. 
Starting with the 2000 μm mesh, the cells were filtered over the mesh into a large beaker. The 
cells remaining on top of the mesh (too large to go through) were washed with culturing media in 
an effort to force any small cells that might be stuck on top of or in the mass of aggregates 
through the mesh. Washing was repeated until no more cells were going through the mesh. The 
cells remaining on the mesh were then backwashed into a clean flask using culturing media, and 
the flask was labeled “2000+ μm”. The diluent, containing media and all cells smaller than 2000 
μm, was then poured over the 1680 μm mesh into another beaker. The washing process was 
repeated again to ensure all cells smaller than 1680 μm went into the diluent and were not caught 
on the mesh and the remaining cells on the mesh were backwashed into a new labeled flask. The 
diluent was then poured over the next mesh size (1320 μm). This process of pouring diluent over 
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the mesh, washing, and backwashing cells caught on the mesh into a fresh flask was repeated 
until all cells had been separated based on size. 
 After cells had been separated, the total volume of each flask, which varied depending on 
how much media was needed to backwash all the cells, was brought to 100 mL with culturing 
media. Dilutions A, B, and C, were then made for each of the flask sizes. Ensuring a well-mixed 
sample, 50 mL of cells and media from the 2000+ μm flask were removed and placed in a tube 
labeled “2000+ μm Dilution A”. An additional 50 mL of culturing media was then added to the 
cells and media remaining in the 2000+ μm flask, bringing the volume in the flask back to 100 
mL. This concentration was labeled “2000+ μm Dilution B”. 25 mL of well-mixed cells and 
media were then taken from Dilution B and placed in a tube labeled “2000+ μm Dilution C”. 25 
mL of culturing media was then added to the Dilution C tube to bring the total volume to 50 mL. 
This process was repeated for each of the flasks. 
 The Coulter Counter was then run four times on each of the three dilutions of each case. 
The Coulter Counter runs were performed using standard protocol as established in the Roberts’ 
Laboratory. This meant that 2 mL of well mixture culture was diluted with a glycerol solution 
and run through the instrument for measurement. 
 In order to determine dry weight, a filter paper was labeled, dried in the oven for a few 
hours, then the weight was recorded. 20 mL of well-mixed cells from each of the three dilutions 
of each case were pipetted (using a cut tip) onto filter papers. Each filter paper (one at a time) 
was then placed in a funnel with a flat area inside with holes going through it, which was placed 
in the mouth of a 1 L Erlenmeyer vacuum flask. A vacuum hose was attached and the vacuum 
was pulled until no more liquid was coming through the filter into the flask (approximately five 
seconds). The filter papers, with the cells on top, were placed in the oven overnight to dry the 
cells. 24 hours later, the cells were weighed and weights were recorded for later analysis. 
 A graph comparing cell volume (from the Coulter Counter runs) to dry weight could then 
be made to find the correlation between volume and dry weight, needed in future experiments. 
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Comparing growth, phenolics, and flavonoids content of cells grown in various flask sizes 
and in light and dark conditions 
 To carry out this experiment, with the goal of characterizing cell growth, phenolics and 
flavonoids content over time for different conditions (125 mL and 500 mL flask sizes and light 
and dark conditions), sixteen flasks were prepared. This included four 125 mL flasks with cells 
grown in light, four 125 mL flasks with cells grown in dark, four 500 mL flasks with cells grown 
in light, and four 500 mL flasks with cells grown in dark, such that n=4. Flasks of fresh 
Arabidopsis media (recipe above) were prepared in the necessary sizes, autoclaved, and left 
overnight to cool. On the day the experiment was to start (referred to as Day 0), cells were 
transferred to the fresh media flasks from old flasks that they had been growing in for a week. 
This was done according to the protocol given above. The cells were placed on the same shaker 
under the grow light, with the dark cells covered by a cardboard box. The cardboard box had 
approximately ten small (1/4 inch diameter) holes poked in each of the long sides, which were 
then covered with a piece of aluminum foil loosely taped inside the box, flush with the holes. 
This prevented light from entering the box, but allowed for ventilation (Figure 4).  
 
 
Figure 4. The laboratory setup for the Arabidopsis experiment. Cells to be grown in light were 
left under the grow light 24 hours per day, while cells to be grown in dark were left under a box 
on the same shaker. 
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Coulter Counter measurements 
 The day after inoculation, “Day 1”, the flasks were removed from the shaker and brought 
to the Coulter Counter room, where 2 mL of well-mixed sample were removed from each flask 
with a pipette and cut 1 mL tip and placed in the Coulter Counter beaker (CC beaker). To each 2 
mL sample, approximately 413 mL of a mixture of 65% water-35% glycerol, with 6.34 g/L 
sodium chloride and 0.32 g/L sodium azide added to the mixture was added to bring the volume 
to the fill line marked on the CC beaker and the sample was run through the Coulter Counter 
using standard Roberts’ lab protocol settings. Two samples from each flask were analyzed to 
provide technical replicates. The experiment had two technical replicates and four biological 
replicates for each condition. From the Coulter Counter data, which gave number of cells and 
volume % of cells in each of fifty bins, sorted by cell size, analysis was done to determine the 
size distribution of cells. This process was repeated on Days 3, 5, and 7. After the Coulter 
Counter runs on Day 7, the cells were disposed of. From the Coulter Counter data accumulated 
over the week span, cell growth could be determined. 
 
Phenolics and flavonoids assays 
 On Day 1 after inoculation, 1 mL of cells and media was removed from each flask (using 
a new, sterile cut pipette tip each time) and placed into a labeled 1 mL microcentrifuge tube, for 
phenolics and flavonoids assays. The microcentrifuge tubes were then placed in the -80°C 
freezer for at least 24 hours. Phenolics and flavonoids sampling was repeated on Days 3, 5, and 7 
after inoculation. The phenolics and flavonoids samples were analyzed using assays to determine 
how the concentration of phenolics and flavonoids changed over time in suspension. 
 
Comparing phenolics and flavonoids content over time of different sized Arabidopsis cell 
cultures 
 Previous research on Taxus suspension cultures showed that cultures with larger 
aggregates of Taxus cells produced smaller amounts of specialized metabolites, in particular 
paclitaxel (Kolewe, Henson, & Roberts, 2011). To see if this trend was true for Arabidopsis as 
well, a phenolics assay was carried out on flasks containing different sized cell aggregates, 
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separated by mesh filters. The cells were obtained from one 500 mL flask (containing 
approximately 200 mL of cells and media).  
 The day before the experiment began, five 25 mL flasks containing 8 mL of Arabidopsis 
media each were prepared and autoclaved. Plastic mesh filters, cut to a size slightly larger than 
the mouth of the 500 mL flask, were autoclaved in a plastic box previously used to hold pipette 
tips. They were kept sealed in the box until used for the experiment. Unlike the meshes used to 
determine the standard curve, these meshes were not attached to a plastic cylinder so because 
there was no glue, they were able to be autoclaved on a dry cycle at 121 °C, sterilized for 20 
minutes and dried for 10 minutes at 5 inches Hg dry vacuum pressure. On the day of the 
experiment, 0.4 mL of antioxidant solution defined above was added to each flask by sterile 
pipette in the hood. 
 In the sterile hood, the contents of the 500 mL flask were poured over a 2000 µm plastic 
mesh filter into another 500 mL flask and then fresh Arabidopsis media was poured over the 
cells remaining on top of the mesh filter to attempt to wash any smaller cells into the flask. 
Everything remaining on the mesh filter was then placed in a weigh boat and weighed on a 
balance in the hood. After this, 1.5 g of cell mass were taken out of the weigh boat and 
transferred to one of the 25 mL flasks. This process was then repeated for the remaining four 
mesh filters, of sizes 500, 1000, 1320, and 1680 μm. The five flasks were placed on the shaker 
and a 1 mL phenolics and flavonoids sample was taken at Day 0, Day 4, and Day 7. The 
phenolics and flavonoid samples were immediately frozen in a -80°C freezer. 
 
Phenolics Assay 
 Phenolics are compounds with a hydroxyl group bonded directly to an aromatic 
hydrocarbon group and are produced by plants as a stress response. A phenolics assay was 
carried out using the protocol established and optimized in Roberts’ laboratory. Understanding 
the concentration of phenolics allows characterization of phenotypes of culture. To prepare the 
frozen samples for the assays, the day before the assays were started, the samples were removed 
from the freezer and spun in an evaporative centrifuge overnight, with the lids of the 
microcentrifuge tubes open. This process removed all liquid from the samples. 1 mL of methanol 
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was then added by pipette to each microcentrifuge tube to break down the cell walls, and the 
tubes were placed in a dark drawer for six days at room temperature. After six days, the tubes 
were vortexed, then a small spatula was used to break up any remaining clumps of cells, so that 
phenolics and flavonoids would be in the liquid. The tubes were then centrifuged to spin the cell 
mass down.  
 For the phenolics assay, standards were prepared with Gallic acid, and the concentration 
of phenolics found to be present in the samples is therefore in Gallic Acid Equivalent units 
(GAE), with units of grams per Liter. The standards were prepared by adding Folin-Ciocalteu 
reagent and sodium carbonate to the gallic acid, causing a colorimetric reaction that could be 
read by the plate reader as an absorbance value (Folin & Ciocalteu, 1927). The plate reader was 
set to read absorbance at a 750 nm wavelength. From the plate reader absorbance output, a 
standard curve was made, graphing absorbance value (the plate reader output) on the x-axis and 
the known Gallic acid concentration in g/L of the standards on the y-axis. A line of best fit, with 
a y-intercept of 0, was then applied and the R2 value of the linear fit was found. After treating the 
experimental samples with the same reagents, Folin-Ciocalteu and sodium carbonate to create a 
colorimetric reaction, and reading the absorbance values in the plate reader, the equation of the 
line (of the standard curve) could then be used to determine the phenolics concentration in GAE 
for the experimental samples. To normalize the values, the concentrations were divided by the 
cell volume for that case at that time point. 
 
Flavonoids Assay 
 The flavonoids assay was carried out according to protocols established and optimized in 
Roberts lab. Flavonoids are a subset of phenolic compounds, and like phenolic compounds, 
allow characterization of phenotypes of culture. For the flavonoids assay, the same 
microcentrifuge tube samples were used that were used for the phenolics assay. Catechin 
standards of known concentration were treated with sodium nitrite, aluminum chloride, and 
sodium hydroxide (in that order), causing a colorimetric reaction, and were read in the plate 
reader at 490 nm wavelength to determine the absorbance values that correspond to each known 
concentration. From the absorbance output, a standard curve was made, graphing absorbance 
value on the x-axis and the known Catechin concentration in g/L of the standards on the y-axis. 
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A line of best fit, with y-intercept of zero, was applied and the R2 value of the linear fit was 
found. After treating the experimental samples with the same reagents, the absorbance values 
were read in the plate reader and the equation of the line that was calculated from the standard 
curve was used to determine the flavonoids concentration for each experimental sample. To 
normalize the values, the concentrations were divided by the cell volume for that case at that 
time point. 
 
Data Analysis 
 Data were analyzed in Microsoft ExcelTM. A previously made spreadsheet was used to 
convert the Coulter Counter output to weighted volume. That sheet can be found in Appendix A. 
From the weighted volume, expressed as area under the curve, and with units of μm3, the change 
in cell volume for each of the four cases was determined as a function of time. This was 
calculated by subtracting the Coulter Counter volume at Day 1 for a case from the Coulter 
Counter volume of the same case on another Day (3, 5, or 7), then dividing by the Day 1 volume 
and multiplying by 100 to determine the percent change in volume. These results were then 
graphed and error bars were applied.  
 The normalized phenolics values (concentration divided by cell volume at that time 
point) were graphed to visualize any trends in phenolics concentration as a function of time or 
growth condition and error bars were applied. The same procedure was carried out with the 
normalized flavonoids values.  
 For the experiment that analyzed phenolics and flavonoids concentrations by aggregate 
size at various days, the raw concentration found at each day (using the standard curve based on 
known concentrations) was graphed.  
 
Error 
 Error was calculated for Coulter Counter, phenolics, and flavonoids data collected in the 
experiment that compared light and dark growth conditions and flask sizes. Error was calculated 
using standard deviations. An unknown amount of error was inherent in the processes used 
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because much of the data collection was done manually and there were many potential sources of 
error throughout the process. These errors are discussed in the discussion section of this report. 
In calculating the standard deviations, general equations were used in Microsoft ExcelTM and it 
was ensured that standard deviation units matched units of the value. From this, standard error 
was calculated by dividing the standard deviation by the square root of the number of samples. 
There were four biological samples (n=4), so the standard deviations were divided by 2 to arrive 
at standard error. Standard error was a good representation of the error in the data because it tells 
how precise the estimated mean is, while the standard deviation tells how much variation there is 
in the values of the data points. Standard error was the appropriate unit for describing the error 
because the results were showing how the mean changed over time.  
 Error could not be calculated for the “Comparing phenolics and flavonoids content over 
time of different sized Arabidopsis cell aggregates” experiment because there was such a small 
volume of cells for each aggregate size that no replicate flasks could be made.   
 
Statistical Analysis 
 To determine the statistical significance of the data, p-values (calculated probability) 
were calculated. A p-value less than 0.05 is considered statistically significant, and a p-value of 
less than 0.001 is considered statistically highly significant because it means there is less than a 
one in a thousand chance of being wrong. Due to the shape of the data curves for the weighted 
Coulter Counter volume, a one-tail p-value was found using a Two-Sample Assuming Equal 
Variances t-Test with an alpha value of 0.05. 
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Results & Discussion 
 
Carrot Callus Formation, Suspension Culture Initiation 
 In initiating callus, it was found that carrot seeds were a better choice than explants for 
beginning the callus formation. The seeds, both stratified and not stratified, grew into seedlings 
and then were able to dedifferentiate into callus. When re-plating the seedlings, it was found that 
only the roots dedifferentiated into callus. The stems died and the leaves grew and turned purple 
when they were re-plated. The carrot explants from the organic grocery store carrot did not 
dedifferentiate. After several weeks, they looked the same as they had when initially plated. 
 
Figure 5. (5a): Stratified carrot seeds on day of planting. (5b): Stratified carrot seeds four days 
later. Carrot seeds began to sprout into seedlings by day four. 
 
 
Figure 6. Explant of organic grocery store carrot on day of plating. 
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Figure 7. (7a) Leaves from carrot seedling on day of plating. (7b) Leaves from carrot seedling 
six days after plating. 
 
 Callus formation began on the replated root portions within one month of initial seed 
planting. At this point, callus was very small, but was allowed to grow for several months (seen 
in Figure 8a-h). After several months of growth, there was enough callus to put into suspension 
(Figure 8h). This transfer was successful, establishing a carrot suspension culture that had been 
started from a seed.  
 A potential reason that the grocery store carrot explant and the leaves and stems grown 
from seed did not dedifferentiate and form callus is that the concentration of 2,4-D in the callus 
media may have been too low to encourage dedifferentiation. Future experiments could try 
raising the concentration of 2,4-D to see if callus can be successfully initiated from carrot 
explants. A significant potential source of error in this process was the high incidence of 
contamination. Upon sprouting, many of the seedlings became contaminated with a white, fluffy 
fungus. It is believed that this fungus lives within the carrot seed itself, as it usually appeared 
shortly after the seedling sprouted out of the seed. In the future, the carrot seeds should be 
sterilized for a longer amount of time or with a stronger solution to eliminate this fungus. When 
forming callus, many plates were also contaminated. All contaminated plates were disposed of 
immediately, but losing so many plates caused a slowdown in the project because only one callus 
survived.  
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Figure 8. a. When callus began to form, 12/5/16. b. 12/9/16. c. 12/13/16. d. 12/15/16. e. (All 
callus except plate 2 died, so switched to plate 2 for remainder of photos) 1/12/17. f. 1/20/17. g. 
1/27/17. h. 3/7/17, callus on plate 2 was large enough to divide to multiple plates. i. 4/13/17, 
callus was successfully put into suspension culture. 
 
i. h. g. 
f. e. d. 
c. a. b. 
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Arabidopsis Standard Curve 
 The Arabidopsis standard curve, Figure 9, was created from the Coulter Counter and dry 
weight data from the dilutions. See “Determining cell size distribution to form a standard curve” 
in the methods section. The correlation of the data was poor so the standard curve was not used 
to analyze future data. It is likely that due to the difficulty of obtaining a well-mixed sample, the 
data points were spread widely and did not show the trend as clearly as they would have if the 
sample had been truly well-mixed. Upon looking closely at each point in comparison to the other 
points from that filter size, it was found that within the trials of each filter size, Coulter Counter 
volume [mL/L] was similar, but the dry weight [g/L] varied widely in many cases. A color-coded 
graph showing this trend can be seen in Appendix B. Recommended future work includes 
making a better, more accurate standard curve. This could potentially be done by using more 
filter sizes to further separate cells, doing more runs on each sample, preparing more dilutions of 
each sample, all in an effort to minimize the amount of error inherent in the data. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Arabidopsis standard curve. 
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Arabidopsis Growth  
 Cell volume was found to increase over time, seen in Figure 10. An increase in cell 
volume was seen in all cases from Days 1 to 5. A further increase in cell volume was seen in the 
Light 500 mL, Dark 125 mL, and Dark 500 mL flasks from Day 5 to 7, while a decrease in cell 
volume was seen in the Light 125 mL flask from Day 5 to 7. The dark flasks experienced higher 
growth rates than the light flasks, and the Dark 500 mL flask experienced the highest individual 
growth rate, with cell volume increasing 260% from Day 1 to 3, 187% from Day 1 to 5, and 
355% from Day 1 to 7. The Light 125 mL flask experienced the lowest individual growth rate, 
with cell volume increasing 42% from Day 1 to 3, 79% from Day 1 to 5, and 34% from Day 1 to 
7. Graphs showing the growth curves of each flask can be found in Appendix C. 
 
Figure 10. Percent increase in cell volume for each treatment over time. Percent increase 
calculated as increase since Day 1. Error bars are standard error. 
 
 The much higher percent increase in cell volume seen in the Dark 500 mL flask at each 
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growth is desired. Regardless of flask size, cells grown in dark conditions outpaced cells grown 
in light conditions, likely due to the energy saved by not trying to undergo photosynthesis. While 
in dark conditions, the 125 mL flasks experienced less increase in cell volume over time than the 
500 mL flasks, this trend was inconclusive for the flasks grown in light conditions. It would 
make sense that the 500 mL flask would be better for cell growth due to the increased surface 
area to volume ratio of the larger flask, which allows for greater oxygen transfer. The trend of 
cultures growing faster in the dark is consistent with sources found in the literature. 
 The mass of cells put into each flask at inoculation on Day 0 was not standardized. 
Rather, approximately 5 mL of cells and 5 mL of old media was transferred into each 125 mL 
flask already containing 40 mL of fresh media. Similarly, approximately 20 mL of cells and 20 
mL of old media was transferred into each 500 mL flask already containing 160 mL of fresh 
media. This was done by eye because weighing out a standard mass of cells to inoculate each 
flask with would have added a significant amount of time to the transferring process that already 
took upwards of four hours a week due to the number of flasks needing to be inoculated.  
 Error bars (calculated as standard error) are quite large in all cases. This is most likely 
due to the difficulty of obtaining a well-mixed sample of cells when taking the Coulter Counter 
samples. In the future, it is recommended that the cell aggregate size be reduced before 
additional experiments are conducted.  
 
Arabidopsis Phenolics Content in Light and Dark Conditions and 125 mL and 
500 mL Flasks 
 Phenolic concentration, calculated as the Gallic Acid Equivalent Concentration [g/L] 
divided by the cell volume at that time, decreased over time (Figure 11). The Dark 500 mL flask 
had the highest phenolic concentration at Day 1, the Light 500 mL flask had the highest phenolic 
concentration at all other days. The Light 125 mL flask consistently had the lowest phenolic 
concentration. The cells were under low stress, so phenolics concentrations were very low, never 
reaching a concentration higher than 8.3x10-12 g/L/μm3. The standard curve used to calculate 
phenolics concentration can be found in Appendix D. 
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Figure 11. Phenolics concentration (in Gallic Acid Equivalent units) divided by the total cell 
volume over time for each of the cases. Error bars are standard error. 
 
 It was expected that phenolic concentrations would be very low for these cultures, 
because of the low stress they were under. There were two main sources of stress to the cells: 
once a week they were transferred to new media and the shear stress experienced as the cultures 
were shaken constantly. However, neither of these was significant enough to cause a high level 
of phenolics. The stress caused by the once-a-week transferring likely explains the overall 
decrease in phenolic concentration seen from Day 1 to Day 7 because most of the phenolics 
would be produced around the time the cells were transferred, then didn’t change throughout the 
week, but the concentration (the y-axis) decreased due to the increase in cell volume. 
 A possible reason for the large error bars (calculated as standard error) is that methanol 
was used in the colorimetric reaction and some or all of it may have evaporated before the 
absorbance value was read in the plate reader. Because there were so many samples, the 
phenolics assay took about three hours from beginning to end. The phenolics samples were run 
in the two 96-well plates, meaning that the first samples prepared each day sat for over an hour 
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before being run in the plate reader, while the last samples only sat for a few minutes, giving the 
methanol more time to evaporate from some of the wells. In the future, splitting the phenolics 
assay preparation into multiple parts, each with their own preparation of standards and running 
fewer samples at once, should eliminate some of the uncertainty around possible evaporation. 
Another recommendation is to elicit the cultures to cause more stress, which should result in a 
higher concentration of phenolics, allowing a study of whether high or low stress is optimal for 
production of specialized metabolites. 
 
Arabidopsis Flavonoids Content in Light and Dark Conditions and 125 mL 
and 500 mL Flasks 
 Flavonoid concentration, calculated as the Catechin Equivalent Concentration [g/L] 
divided by the cell volume at that time, was found to very slightly with time, but the variation 
was not significant, as shown in Figure 12. The concentration of flavonoids was generally below 
2x10-12 g/L/μm3 and there was no trend suggesting that flavonoid concentration was significantly 
different in any one case. As stated previously, the cells were under very little stress, so they 
were not producing many flavonoids. The standard curve used to calculate flavonoid 
concentration can be found in Appendix D. 
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Figure 12. Flavonoids concentration (in Catechin Equivalent units) divided by the total cell 
volume over time for each of the cases. Error bars are standard error. 
 
 As stated previously about the phenolics assay, there were two main sources of stress to 
the cells: once a week they were transferred to new media and the shear stress experienced as the 
cultures were shaken constantly. However, neither of these was significant enough to cause a 
high level of flavonoids. After studying the phenolics results, this outcome for the flavonoids 
assay was expected, since flavonoids are a subset of phenolics.  
 Similar to the phenolics assay, it is likely that the methanol evaporation contributed to the 
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plate reader absorbance data. A recommendation is to elicit the cultures to cause more stress, 
which should result in a higher concentration of flavonoids, allowing a study of whether high or 
low stress is optimal for production of specialized metabolites. 
 
Arabidopsis Phenolics and Flavonoids Content by Cell Size 
 Although not conclusive because n=1, phenolic and flavonoid concentration both 
increased from Day 0 to Day 4 then had decreased by Day 7. It is important to note that 
phenolics and flavonoids content was very low due to the low stress the cells were under. Graphs 
showing this data can be found in Appendix E. 
 
Statistical Analysis 
 The t-Test applied to the weighted Coulter Counter Volume gave P one-tail values agrees 
with the above analysis. Error is high, so the P-values do not give a high significance. P-values 
can be found in Tables 1 and 2 below.  
p-values Light 125mL 
Flask 
Light 500mL 
Flask 
Dark 125mL 
Flask 
Dark 500mL 
Flask 
Day 1 to Day 3 0.12318 0.17562 0.01603 0.00118 
Day 3 to Day 5 0.22579 0.11590 0.30082 0.23322 
Day 5 to Day 7 0.18673 0.09025 0.22483 0.06085 
Table 1. Comparison of p-values showing the statistical difference between days for the same 
case. 
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p-values Day 1 Day 3 Day 5 Day 7 
Light 125mL to Light 500mL 0.01073 0.00733 0.01383 0.39154 
Light 125mL to Dark 125mL 0.04695 0.28008 0.19628 0.21255 
Light 125mL to Dark 500mL 0.00048 0.11231 0.00829 0.39446 
Light 500mL to Dark 125mL 0.24483 0.02456 0.04779 0.11805 
Light 500mL to Dark 500mL 0.02614 0.08421 0.34451 0.49980 
Dark 125mL to Dark 500mL 0.01516 0.25551 0.02691 0.12419 
Table 2. Comparison of p-values showing the statistical difference between cases for the same 
day. 
 
Additional Recommended Future Work 
 Although not part of this report due to the logistical difficulties encountered with the slow 
growing carrot callus, it is recommended that similar experiments be run on the newly initiated 
carrot suspension cultures. It is also recommended that the antimicrobial peptide be transformed 
into the carrot suspension culture and/or Arabidopsis suspension culture to study growth, 
production of the peptide, and determine whether or not this method is viable as a way to 
produce human antimicrobial peptides on the commercial level. 
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Conclusions 
 
 The carrot cell suspension culture was successfully started in the lab and will be used for 
future research as a platform for antimicrobial peptide production. The optimal conditions for 
Arabidopsis growth was also determined, finding that large (500 mL) flasks and dark conditions 
resulted in the fastest growth. The optimal conditions for high specialized metabolite production 
(specifically phenolics and flavonoids) were not found conclusively due to the low stress the 
cells underwent and the high error attached to the results. More research is recommended to 
further study optimal conditions for Arabidopsis and to study the ability of the carrot cell 
suspension culture to produce the desired antimicrobial peptide at high enough concentration and 
quality to be used commercially in wound healing products.  
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Appendix A: Data Analysis Sheet 
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Appendix B: Dry Weight vs. Coulter Counter Volume by Filter Size 
 
Where Red = 2000+μm, Orange = 1680-2000μm, Yellow = 1320-1680μm, Lime Green = 1000-
1320μm, Dark Green = 710-1000μm, Light Blue = 500-710μm, Purple = 80-500μm 
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Appendix C: Growth Curves of Each Flask 
125mL Light Flask 
 
 
0.00E+00
5.00E+08
1.00E+09
1.50E+09
2.00E+09
2.50E+09
3.00E+09
3.50E+09
4.00E+09
4.50E+09
5.00E+09
0 200 400 600 800 1000 1200
W
e
ig
h
te
d
 C
C
 V
o
lu
m
e
 (
μ
m
3 )
Diameter (μm)
Day 1 Weighted Volume
Weight 1
Weight 2
Weight 3
Weight 4
Day1
0.00E+00
5.00E+08
1.00E+09
1.50E+09
2.00E+09
2.50E+09
3.00E+09
3.50E+09
4.00E+09
4.50E+09
5.00E+09
0 200 400 600 800 1000 1200
W
e
ig
h
te
d
 C
C
 V
o
lu
m
e
 (
μ
m
3 )
Diameter (μm)
Day 3 Weighted Volume
Weight 1
Weight 2
Weight 3
Weight 4
Day3
54 
 
 
 
0.00E+00
5.00E+08
1.00E+09
1.50E+09
2.00E+09
2.50E+09
3.00E+09
3.50E+09
4.00E+09
4.50E+09
5.00E+09
0 200 400 600 800 1000 1200
W
e
ig
h
te
d
 C
C
 V
o
lu
m
e
 (
μ
m
3
)
Diameter (μm)
Day 5 Weighted Volume
Weight 1
Weight 2
Weight 3
Weight 4
Day5
0.00E+00
5.00E+08
1.00E+09
1.50E+09
2.00E+09
2.50E+09
3.00E+09
3.50E+09
4.00E+09
4.50E+09
5.00E+09
0 200 400 600 800 1000 1200
W
e
ig
h
te
d
 C
C
 V
o
lu
m
e
 (
μ
m
3
)
Diameter (μm)
Day 7 Weighted Volume
Weight 1
Weight 2
Weight 3
Weight 4
Day7
55 
 
 
This graph shows the overall weighted volume for each day. Each day is an average of the four 
biological replicates and two technical replicates run that day. 
 
500mL Light Flask 
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This graph shows the overall weighted volume for each day. Each day is an average of the four 
biological replicates and two technical replicates run that day. 
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125mL Dark Flask 
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This graph shows the overall weighted volume for each day. Each day is an average of the four 
biological replicates and two technical replicates run that day. 
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This graph shows the overall weighted volume for each day. Each day is an average of the four 
biological replicates and two technical replicates run that day. 
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Appendix D: Phenolics and Flavonoids Standard Curves 
Phenolics Concentration Standard Curve 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Standard curve for phenolics assay. 
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Flavonoids Concentration Standard Curve  
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Appendix E: Arabidopsis Phenolics and Flavonoids Content by Cell Size 
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